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SECTION I 


INTRODUCTION 


The Hellstat analysis using the heavy--llft airship simulation pro- 
gram package (UYBRDS) covered the following five major areas* 

Symmetric Flight Coaditioas 

The basic characteristics of the nominal, maximum and minimum weight 
configurations without a payload and the nominal weight vehicle with a 
30,000 lb payload (Appendix A) were examined in symmetric flight over 
the speed range of -20 kts to +80 kts* These runs (Run numbers 100 and 
200) examined trim control, engine power requirements, and linearized 
dynamic characteristics. The majority of the study is based on 5000 ft 
ground level operations* Additional runs were conducted to examine the 
vehicle characteristics and alternate payload weights for sea level 
based operations* 

Crosswiad Hover 

The performance of the vehicle in 90 deg crosswind hover cond .ions 
was studied (Run numbers 300 and 400) to determine control power 
requirements and substantial interference effects for the unloaded con- 
figuration (nominal, minumum and maximum weight conditions) and the 
loaded configuration. Special concern was focused on the implications 
of the roll-to-translate control scheme (Appendix B) on the crosswind 
hover performance and closed-loop dynamic characteristics of the vehi- 
cle* 

Asymmetric Flight Conditions 

An examination of the sensitivity of the Hells tat 's dynamic charac- 
teristics to changes of sideslip in hover and cruise flight conditions 
was conducted (Run numbers 500, 600, 700, and 800). In the hover case, 
the vehicle was trimmed in an inertial wind of 15 kts with varying slde- 
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slip angles from 0 to 180 deg for all unloaded and loaded weight condi- 
tions. Additional, sideslip studies were completed for the unloaded and 
loaded configurations at their respective nominal cruise speeds. 

Alternate Configurations 

A preliminary study of possible alternate schemes for improving the 
basic dynamics and performance characteristics of the Helistat was con- 
ducted: 


a) Four-finned configurations . The effect of attaching 
an additional two upper fins (completing the original 
X-configuratlon of the envelope) on the basic loaded 
and unloaded vehicle characteristics (Run numbers 
100-4F, 200-4F, and 500-4F, which are the four fin 
equivalent of basic Run numbers 100, 200, 500). The 
initial set of runs were conducted assuming no change 
in the vehicle mass properties. This corresponds to 
retrimming the ballast and ballonets to >>old the 
vehicle c.g. and weight roughly constant. Additional 
runs were completed to examine the effect of an aft 
c.g. shift associated with the addition of two upper 
fins when the vehicle is not retrimmed. 

b) Roll/Sideforce Mixing . The effect of changing the 
mixing ratio controlling the relative amount of side- 
force and rolling moment generated from pilot lateral 
stick inputs (Run numbers 200B, 200C, 200D, 300B, 
300C, 300D). 

c) Elevator and Rudder Usage . The effect of increasing 
the relative usage of the tail aerodynamic surfaces 
for cruise trim control to equalize the rotor thrust 
levels (Run numbers lOOE and 200E). 

Time History Analyses 

a) Response to controls. The nonlinear response to 
lateral stick inputs was calculated to expose dynamic 
and control characteristics and to assess the valid- 
ity of linearized models. 

b) One wheel landing . The maximum weight configuration 
was trimmed in descent to impact the ground with one 
landing gear. Contractor calculations of landing 
gear design loads were compared with the simulation 
results. 
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c) Moored vehicle response » The dynamics and loads on 
the vehicles in the standard mooring (Appendix A) and 
4-finned configurations were calculated for ambient 
wind conditions of 15 and 60 kts (Run numbers 
THM0R15, THM0R16)* Contractor calculations of design 
mooring loads for extreme atmospheric conditions were 
compared with the simulation results • 

Basic Assumptions 

The key assumptions of the Hells tat simulation study are: 

1) The vehicle is assumed to be a rigid body. Deforma- 
tion of the envelope and Interconnecting support 
structure is ignored. No structural limitations are 
placed on maximum vehicle attitudes or velocities. 

2) Control system dynamics are neglected. The control 
cable and servo dynamics are ignored, so pilot com- 
mands are instantaneously translated into surface 
deflections. 

3) Engine speed is assumed fixed, thereby maintaining 
constant rotor and propeller rotational speed (rpm). 

4) The control system mixing boxes are assumed to allow 
limiting of 1 or more surfaces (e.g., rotor cyclic 
propeller collective, etc.) without restricting con- 
trol over the remaining (non-limited) surfaces. For 
example, forward propulsion commands (filSC, Appendix 
B) produce mixed deflections of propeller collective 
and rotor longitudinal cyclic. After the rotor 
cyclic reaches its limit (12.5 deg), additional pro- 
pulsion commands generate increased propeller collec- 
tive deflection until the propeller deflection limit 
is reached. 

5) All hover and cruise performance studies assume a 
zero pitch attitude (level flight) orientation. The 
free stream angle-of-attack is also zero, although 
induced flow angles are generated by the various 
interference effects (Ref. 1). 

6) The ballonets are not used to trim the pitch attitude 
of the vehicle (except for the 4-Finned, nominal c.g. 
case. Section V, Subsection D). Note that the mass 
characteristics of the nominal and slung-load config- 
urations are based on flight at the pressure ceiling 
(ballonets fully deflated. Appendix A). 
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SECTION II 


SYMMETRIC FLIGHT PERFORMANCE 


The performance of the Hellstat without control limiting effects is 
sherd'll in the solid lines of Fig, 1, This analysis is based on the nomi* 
ual wel;^iit condition at a 6000 ft pressure height. 

‘/ith the average rotor collective setting nearly constant at 40 per- 
cent of the maximum deflection, the control mixing laws (Appendix B) 
allocate roughly constant lift power to the rotors, reserving axial pro- 
pulsion power for the propellers. The total required shaft horsepower 
(rotor and propeller) is seen to be fairly constant in the speed range 
of -20 to +20 kts, with sharp increases for flight speeds exceeding 
40 kts. Assuming a flat rated normal operating power of 1275 hp per 
engine, (Ref. 2) the cruise speed of the Hellstat at 6000 ft is about 
50 kts. This leaves the remaining IGOO horsepower (250/engine) for 
maneuvering flight. Also shown in this figure are the speeds for maxi- 
mum endurance, (17 kts) and maximum range (32 kts). The somewhat 
unusual "kink" in the propeller and total power curves around 50 kts 
results from the increased trim pitching moment of the interconnecting 
structure at the high forward speeds, giving rise to asymmetric (ineffi- 
cient) rotor/propeller mixing (Appendix B). 

The effect of rotor longitudinal cyclic limiting at a swash plate 
angle of 12.5 deg is shown in the dotted lines of Fig. 1. When the 
rotor longitudinal cyclic limits are encountered, rotor shaft horsepower 
requirements remain roughly constant and the excess horsepower capabil- 
ity is absorbed by the propellers. The total power curve has a steeper 
slope than before near the maximum takeoff power level, suggesting a 
decrease in the available control margin at the 50 ki cruise condition. 

The nose-up pitch trim (69) is reduced when power is diverted to the 
propellers, because of the low propeller thrust line relative to the 
vehicle center-of-gravity. This results in more equalized rotor thrust 
levels with associated symmetrical rotor/propeller mixing and the elimi- 
nation of the undesirable "kink" in the total power curve at 40 kts. 
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Figure 1. Nominal Helistat Performance 
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This equalization in rotor thrust levels is also achieved by increasing 
the relative usage of the tail aerodynamic surfaces for cruise trim con- 
trol. 

The performance of the Helistat with a 30,000 lb slung payload 
(including payload drag and cable deflection. Appendix A) is shown in 
Fig. 2 for the 6000 ft pressure celling condition. The engine power is 
diverted almost entirely to the rotors, since the rotors are operating 
at 80 percent of their maximum collective ^.ttlng (Appendix B). Only a 
minimal power is reserved for overcoming the profile drag associated 
with the free spinning propellers. The normal rated power level gives a 
maximum cruise speed of about 46 kts; however the steepness of the power 
curve in this speed regime suggests a reduced operational cruise speed 
of about 40 kts, to allow a somewhat larger control margin capability. 
The 40 kt speed roughly corresponds to the speed for maximum range which 
may be a desirable cruising condition for typical operations. 

When the swash plate deflection limits are considered, rotor longi- 
tudinal cyclic limiting occurs at a speed of 35 kts. As shown in the 
dashed lines of Fig. 2, the remaining engine power can be absorbed in 
the propellers, resulting in almost identical power performance of the 
loaded vehicle up to 60 kts. As before, the slightly improved power 
characteristics of the vehicle in the 50 kt region are due to the equal- 
ization of the rotor thrust levels. 

Although not specifically shown in Fig. 1, performance calculations 
for the minimum and maximum weight configurations indicate that the 
cruise speeds remain roughly at 50 kts. Indicating only small changes in 
the (cruise) performance of the vehicle with loading conditior As 
later shown, however, the hover power requirements are much different, 
as expected. 

The performance curves for sea level based operations (cruise at 
ballonet ceiling of 1,000 ft above sea level) are shown in Fig. 3 for 
the nominal and sling-load configurations. The lower cruise altitude 
yields an increase in buoyancy ratio (6 “ 0.89) compared to the 6,000 ft 
level (3 ® 0.78). This results in lower trim rotor thrust requirements, 


TR--1 151-3 


6 









which combined with the improved low altitude rotor efficiency, yields a 
25 percent reduction in hovering power tor the unloaded and loaded con- 
figurations (compare Figs. 1 and 2 vs. Fig. 3). The increased parasite 
drag resulting from the higher air density causes the power curves at 
the higher airspeeds to be steeper than before. In order to allow for 
some maneuvering margin, the cruise speed for the unloaded configuration 
is reduced by about 10 kts to 40 kts, roughly the same as the cruise 
speed for the sea level-based slung-load configuration. 

The effect of varying payload weight on hover and (40 kt) cruise 
performance is shown in Fig. 4. These results are for sea level based 
(1000 ft) operations. Since the power required for hover is composed 
almost entirely of the induced power due to rotor lift, the (hover) 
curve follows a 3/2 exponent lawi 

1 _ T Vjt 
^Phover " ^Pinduced ^ 55 Q 



^Phover a (3) 

This result is confirmed in Fig. 4. The operational payload limit 
in hover is 46,500 lb. As previously noted, the cruise power is dom- 
inated by parasite drag, so the effects of varying payload weight at the 
cruise speed (40 kts) is small (Fig. 4). The maximum payload capability 
in cruise is 45,000 lb, representing the limit for sea-level based oper- 
ations. 
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SECTION III 


GROSSWIND PERFORMANCE 


The crosswind hover performance of the unloaded and loaded vehicle 
for standard (5,000 ft based) operations is shown in Fig. 5. This fig- 
ure presents the trim roll angle (degrees) as a function of crosswind 
velocity (knots). For the unloaded configuration, the maximum crosswind 
capability is restricted to 15 kts by the minimum collective settings on 
the upwind rotors (0.5 deg), and maximum collective (12.5 deg) and 
lateral cyclic (12 deg) settings on the downwind rotors. This results 
in a trim roll angle of 40 deg. For the loaded configuration, the maxi- 
mum obtainable crosswind capability is 10 kts due to maximum collective 
and power limiting on the downwind rotors (1 and 3). The corresponding 
trim roll angle is 9 deg. 

The maximum crosswind trim conditions of 10 and 15 kts for the 
loaded and unloaded flight configurations resfectively, do not allow any 
additional maneuvering control margin. A design guideline for quadrotor 
HLA's to maintain hover in an ambient wind of 20 kts at 30 deg sideslip 
angle has been proposed by NASA (Ref. 3). This yields a crosswind 
requirement of 10 kts. The unloaded Helistat can achieve this require- 
ment with some additional control margin for gust suppression and maneu- 
vering. For similar control margins, the loaded configuration will be 
limited to 5-8 kts crosswind, or about a 20 deg sideslip angle for a 
20 kt wind condition. 

It is unlikely that the ZPG-2 envelope will maintain the large roll 
angles implied by this (rigid-body) analysis without deforming. Gross 
distortions of the hull and catenary curtain system may significantly 
degrade the 40 deg/15 kt upper limit shown in Fig. 5. Additional con- 
straints will likely result from the allowable minimum clearance between 
the deformed envelope and the downwind rotors. Significant increases in 
the hull on rotor interference effects on the downwind rotors may fur- 
ther erode the crosswind capability of the unloaded configuration t 
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T V. 


The large roll angles which result from the roll to translate logic 
also sug^^st a number of possible handling quality related problems* 
Since the vehicle is not in a coordinated turn, these angles will result 
in a very uncomfortable pilot environment in which steady lateral g^s 
may degrade precision hand and foot coordination and control* In addl^ 
tioQ, such roll attitudes may preclude the pilot from seeing the payload 
hook during pickup operations* In manual control terms, the roll-to- 
translate logic may make simultaneous pilot closure of attitude and 
position loops very difficult since the pilot ^s lateral location 65 ft 
from the hull c*g. will couple roll attitude and vertical position cues. 
The pilot will undoubtedly be closing manual control loops around feed- 
back cues at his own position, and may not be able to distinguish 
between roll (and pitch) attitude disturbances and vertical position 
disturbances. In fact, since attitude changes cause rigid body vertical 
translations of the pilot position, the pilot may (if untrained) ini- 
tially attempt to use the heave controller to regulate against attitude 
(and heave) disturbances. Such coupled cues and responses could sig- 
nificantly degrade the closed-loop bandwidth of the system and threaten 
operational safety. Another problem with the roll-to-translate logic, 
which has been reported in Heavy-Lift Helicopter (HLH) studies (Ref. 4), 
is the undesireable excitation of the payload pendulum mode. Large 
induced raot^;>ns of the unloaded cable hook caused by lateral inputs 
woiild also be especially troublesome during load pickup operations* 

A desirable solution would be a control law which yields small roll 
angles for precision lateral input (±5 kt) in zero sideslip conditions 
ai.d large rolls angles for maximum crosswind capability in critical 
situations. This could be accomplished by increasing the ratio of 
lateral cycl.^ . to roll control usage for lateral stick inputs. Figure 5 
(flagged .ymbols) shows the crosswind results when the lateral cyclic 
gain Is increased by a factor of 5. The loaded and unloaded configura- 
ti IS exhibit 50 percent reductions in the trim roll angle for a 5 kt 
crosswind condition. In the unloaded case, the lateral cyclics limit at 
about 8 kts, further lateral stick inputs resulting in quickly 
increasing roll angles* The maximum trimmable crosswind remains at 
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15 kt (i^ ■ 37.5 deg) due to both collective and cyclic limiting, as 
before. For the loaded vehicle, the maximum trlmmable crosswind remains 
at 10 kts because of simultaneous lateral cyclic (sldeforce) and down*- 
wind rotor power (roll control) limiting. 

Some additional Improvement In the crosswind characteristics of both 
loading v ondltions could be achieved by eliminating the use of differen- 
tial lateral cyclic for yaw control. Since both longitudinal cyclic and 
propeller collective are available for the purpose, and the close fore- 
aft rotor spacing makes lateral cyclic fairly Ineffectual for yawing 
moment generation, this change would not significantly reduce maximum 
yaw control capability. 
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SECTION IV 


ASYMMETRIC FLIGHT CONDITIONS 


When the vehicle is oriented with angles-of-attack or incidence 
relative to the local wind, large (unstable) hull aerodynamic moments 
result* In these flight conditions, trim and maneuver control margins 
become severely limited. The pilot controls (6^, 6q, 6^ required to 
trim the nominal (unloaded) configuration in a 15 kt ambient wind are 
shown as a function of wind sideslip angle (\|\^) in Fig. 6 (these results 
are for the vehicle fully trimmed in all degrees-of-freedom). The roll 
control ( 6 ^) reaches a maximum in the crosswind condition (i^/ = 90 deg), 
as expected. The yaw control is zero and has a stable slope when ^ = 
76 deg, the angle of sideslip where the hull and tail yawing moments are 
balanced. The yaw control ( 6 ^j^) reaches a maximum at \j^ = 135 deg, cor- 
responding to the wind angle for maximum (unstable) static yawing 
moment. The effect of the large combined roll and yaw control require- 
ments results in asymmetries in the rotor/propeller mixing functions, 
which in turn cause large pitch control requirements ( 69 ) around = 
120 deg (Fig. 6 ). 

Thus, the wind angle range of = 105-135 deg is critical for angu- 
lar trim control of the Helistat. Changes in vehicle operating weight 
and payload have only a secondary effect on these results. Moreover, 
the results to be presented in the next section suggest associated prob- 
lems in dynamic roll response for flight in this region. Therefore, 
sustained flight in the 105-135 sideslip condition should be avoided. 
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SECTION V 




LXNEARIZHO DYNAMICS 

The dynamic equations of motion are numerically linearized to obtain 
the following first order linear differential equation, 

o 

X * AX + B'U + CG (4) 

where JC is the state vector of vehicle and payload linear and angular 
positions and rates. Vehicle motions are referenced to the hull 
nominally located 14.4 ft below the hull center of volume (Appendix A). 
Linear and angular velocities (u, v, w, p, q, r) are relative to rotat^ 
ing body-fixed (hull) axes. Linear positions (x, y, z) are given in 

inertial frame Cartesian coordinaceb, and angular orientation is given 
in inertially based Euler coordinates (()>, 0, ij;). Payload motions are 
referenced to the payload c.g., nominally located 12.6 below the cable 
hook attachment point. Linear payload velocities and positions (u^, Vp, 
Wp, Xp, yp, Zp) are relative to the hull, while the angular velocities 
and orientations (Pp, qp, tp, <j)p, 0p, i|/p) are relative to inertial 
space. These various axis systems are fully described in Ref. 1. 

The superscript ”o** in Eq. 4 denotes the first derivative of the 
state vector with respect to the rotating ax^s. U is the five element 
vector of pilot cockpit controls. ^ is the gust state vector of air 
mass linear and angular velocities. A, B' and C are the stability 
derivative matrices. Taking the Laplace transform of Eq. 4, 


[si - aJx(s) = B'U(s) + CG(s) 


where s is the Laplace Operator and I is the identity matrix. The 
natural (unforced) motion of the vehicle is obtained by setting the con- 
trol and input vector to zero. 
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[si - A]X(s) » 0 


( 6 ) 


The sol.utlon of the uaforced motion has the form 

X(t) » Xxe^l*^ + X2e^2t + X3e^3t + ... x^e^^ (7) 

where Xx^ X2> 2i3* *** eigenvectors associated with each 

eigenvalue (Xx> ^2> ^3 ••* ^n)* case of the unloaded vehicle, 

there are twelve characteristic eigenvalues and twelve associated eigen- 
vectors* For the loaded vehicle, there are an additional twelve eigen- 
values associated with the dynamics of the slung payload. 

The elgenvalies of the system provide Information on the time con- 
stants and reli tlve stability, while eigenvectors Illustrate the rela- 
tive magnitudes and phasing of the elements of the state vector, 2^, In 
each of the various modes of motion. From £q. 7 It Is apparent that If 
a characteristic root has a positive sign (e.g. Xx > 0), then the mode 
associated with its response (Xxe^^^) Is unstable and the corresponding 
motion will grow with time. When the root is negative (e.g., Xx < 0), 
the associated mode is stable and the corresponding motion will die out 
with time. The following sections discuss the characteristic modes of 
motion of the vehicle and payload and consider their sensitivity to 
axial and asymmetric flight conditions. 

A. HOVER OTHAMICS 

The unloaded vehicle exhibits five characteristic modes of motion: 

1) Surge Subsidence (1/Tg) 

2) Heave Subsidence (1/Tj^) 

3) Pitch Oscillation (5p, o)p) 

4) Coupled Sway-Yaw (l/Tgy^, 1/Tgy2) 

5) Roll Oscillation 

Surge Subhidence (1/1^). This stable mode is a 1 degree-of-f reedom 
motion comprised of axial speed perturbations. The long surge-mode time 
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constant (T ■ 151.5 sec) is due to the small level of hull drag and 
rotor damping relative to the large effective axial mass. This very low 
frequency mode suggests potential problems In maintaining position In 
the presence of axial disturbances. Surge motions are largely decoupled 
from the pitch motions because the speed derivatives, and are 
small In the hover flight condition. This Is unlike the conventional 
hovering dynamics for helicopters which Involves coupled variations of 
speed and attitude. The eigenvectors associated with the surge mode 
indicate coupling between the longitudinal and lateral degrees of 
freedom due to rotor lateral flapping In response to longitudinal speed 
perturbations The modal response ratio for the unloaded hovering 
flight condition Is 


l^hcg'^ihcgl 1 /™ 


10.26:11 


This Interaxls coupling suggests possible difficulties in the manual 
stationkeeping task because of the need for pilot crossfeeds • 

Heave Subsidence Mode (I/Th). This stable mode is predominantly 
composed of vertical motion and derives its damping from the rotors. 
The rotor flapping dynamics induce some coupling between heave and surge 
motions, the modal response ratio being, 


uhcg* '^cgli/T^ 


0.13:1 


For the nominal unloaded flight condition, the heave mode frequency 
(1/Tj^ * 0.0866 rad/sec) is significantly lower than typical values for 
single rotor helicopters in hover ( * 0.25 - 0.5 rad/sec). 
This is due to the large effective vertical mass (inertial + vertical 
apparent mass) relative to the trim rotor thrust levels. Recent VSTOL 
studies on flight path handling qualities (Ref. 5) indicate minimum 
acceptable heave mode frequencies of about 0.3 rad/sec for precision 
path control, suggesting possible vertical stationkeeping problems for 
the Helistat. 

Pitch Oscillation (tp, tij^)* The pitch oscillation mode is comprised 
of variations in axial speed and pitch rate. The eigenvector diagram of 
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Flg« 7 shows the relative magaltude and phasing of the major components 
of this mode. A time history of the vehir.L motion within this mode is 
obtained by rotating the vectors counter-clocKwlse about the origin with 
a frequency of ai^ » 0.29 rad/sec (indicated by the arc in Fig. 7), and 
plotting the magnitude of the vector projection on the real (o) axis 
multiplieu by the exponential (e The reader is referred to 

Ref. 7 for a more detailed discussion of eigenvalue-eigenvector tech- 
niques. Axial translation and pitching motions are roughly in phase , 
the modal response ratio being, 

Xh,J * |0.83O;lftl 

(Up 

The frequency of oscillation (a:^ * 0.29 rad/sec) is determined by the 
metacentric height (the height of the hull center of volume above the 
vehicle center of gravity) and the effective pitch inertia. The damping 
ratio for the hover flight condition (?p » 0.069) results from roughly 
equal contributions of the hull and rotors. The dynamics of the Heli- 
stat pitch oscillation mode is similar to a 1 deg-of -freedom pendulum 
motion and is not related to the pitch/speed oscillation exhibited by 
most VSTOL aircr.ft. 

The eigenvector results of Fig. 7 yield an Instantaneous center of 
rotation for unforced pitch motion located approximately 18 ft above the 
top of the hull envelope (55 ft above the hull center of volume). Tight 
piloted stabilization of the pitch oscillation mode will be essential to 
maintaining accurate hook position since the vertical separation between 
the unforced pitch center-of-rotation and the cable attach point is con- 
siderable (107 ft). 

Coupled Sway-Yaw ^^^sy2^* This mode is comprised of 

coupled variations in side velocity and yaw angle. The dynamics of the 

coupled sway-yaw mode for the unloaded case are stable and occur at very 

jow frequencies (1/T__ * 0.0103 rad/sec, 1/T^^ ■ 0.0108 rad/sec). 

by 2 sy2 

These modes depend on the yawing moment characteristics, lateral hull 
drag and rotor damping. As the axial velocity increases, the unstable 
static yawing moment characteristics cause a wide separation of these 
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roots with a resulting unstable root (1/Tgy^) associated with yawing 
motions and the stable root ( 1 /Tgy 2 ) associated with lateral sway 
motions. As noted In the discussion of the surge mode, the rotor flap- 
ping dynamics Induce some coupling between lateral and longitudinal 
degrees of freedom. For the hover case, sway-yaw oscillations Induce 
axial motions of approximately 23 percent, a result which Is oirectly 
analogous to the surge results. 

Roll Oscillations (c^, Wr). The stable oscillatory roll mode Is a 
well damped 1 DOF pendulum motion comprised of perturbations In side 
velocity and roll angle. In hover, the roll mode Is the lateral equiva- 
lent of the pitch oscillation mode discussed earlier. The natural fre- 
quenc ((lip * 0.51 rad/sec) Is controlled by the metacentrlc height and 
effective roll Inertia. The damping ratio « 0.164) Is greater than 
In the pitch mode due to the Increased ratio of damping moment to moment 
of Inertia (Lp). The roll center of rotation obtained from the modal 
response characteristics. Is approximately coincident with the hull 
center of volume. This mode may be well represented by 1 OOF rolling 
motions about the hull center of volume axis. 

The frequency and damping characteristics of the roll mode suggest 
that piloted control of this degree of freedom may not present any sig- 
nificant difficulties. This Is consistent with the characteristics of 
conventional blimps which, owing to their well behavsd roll characteris- 
tics, do not not employ active control over this degree of freedom. 
However, since the payload cable attach point Is located 55 ft below the 
roll Instantaneous renter of rotation, significant coupling between pay- 
load cable hook motions and gust and/or lateral control Inputs should be 
expected. As in the pitch mode, this may be troublesome during load 
pickup operations. An active cable control system may be desirable to 
restrict such undesirable coupling characteristics with the pitch and 
roll motions (Ref. 6). 

The vehlcle/slung load ci ^figuration has 11 characteristic modes of 
response. The first five of these, corresponding to the basic vehicle 
modes discussed above. Induce significant payload motion. The damping 
of the vehicle heave mode Increases slightly due to the Increased notor 
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loading = 0.1092 rad/sec) and Induces In-phase equal-magnitude 
(i.e., rigid body) motion of the payload * Wp)* The increase in the 
heave mode frequency also occurs for the maximum vehicle weight configu- 
ration ( 1 /T^ = 0.1006 rad/sec), as expected. 

The maximum weight and sluag-payload configurations exhibit an 
unstable surge subsidence mode (1/Tg » -0.0009 rad/sec). The source of 
this inscability can be explained from the following approximate expres- 
sion. 


where 


1/Tc 


+ 


MuXe 

Me 


( 8 ) 


Xu 


Axial force derivative with respect to speed; i.e. axial 
drag damping 


Pitching moment dei.ivative with respect to speed; i.^. 
attitude/speed coupling derivative 

X 0 Axial force due derivative with respect to pitch attitude 

B - W 
“Sz 


M 0 Pitching moment derivative with respect to pitch attitude, 

i.e., pitch attitude stiffness 

The drag damping derivative (X^) is always negative (stable) result- 
ing from axial drag, rotor flapping, and propeller damping. Since the 
rotor thrust line is below the vehicle c.g., rotor flapping causes a 
negative (unstable) value of the pitching moment derivative (M^). The 
pitch attitude derivatives (X 0 and M 0 ) result from buoyancy and meta- 
centric height effects and are negative for all flight speeds. When the 
rotors are lightly loaded (nominal and minimum weight configurations), 
is negligible and the surge mode is stable, 



( 9 ) 
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However, for higher rotor thrust levels (maximum weight and slung load 
configurations), the associated increased rotor flapping yields greater 
negative values of M^, which destabilizes the surge mode (£q« 8). The 
eigenvectors associated with the vehicle/ s lung-load coupled surge mode 
display in-phase (rigid body) motions of the hull and payload as before* 
Unwanted remnants in axial velocities due to the unstable surge mode 
characteristics will therefore be propagated to the payload and con- 
tribute to the problems of precision stationkeeping and payload posi- 
tioning. 

The addition of the slung payload causes a significant stabilization 
of the pitch oscillation mode in comparison with the unloaded vehicle* 
The improved damping ratio (^p = 0*25) results from higher rotor trim 
thrust levels (increased pitch damping) and the ont-of-phase motions of 
the payload (Fig* 8). The eigenvector results of Fig* 8 indicate a 
reduction in pitching motion relative to axial translation in the pitch- 
ing oscillation mode* 

The well damped characteristics of the coupled pitch oscillation mode 
suggest that there will be no special problems associated with the 
manual control of the vehicle pitch attitude in this flight condition. 

As in the pitch mode, the addition of the slung payload causes an 
improvement in the roll oscillation characteristics (^^ = 0*252, = 
0*602 rad/sec). The increased damping ratio is largely due to the 
increased rotor damping with only a small contribution from coupled pay- 
load motion* In this case, the payload and hull attitude variations are 
roughly equal in magnitude and phas^ (4>p ^ 4^h» Fig* 9), indicating 
that the payload is acting as a rigid body extension of the vehicle roll 
mode# Therefore, manual control of the vehicle roll attitude should not 
present any special difficulties in this flight condition* 

The yaw sway modes (l/T^y^, 1/Tgy2) for the vehicle slung-load con- 
flguratlon have improved damping characteristics owing to the increased 
level of rotor trim thrust and associated damping due to rotor flap- 
ping, l/Tgy^ = 0.0176, 1/Tgy2 = 0.0222 rad/sec* 
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Figure 8. Pitch Mode, Vehicle/Slung-Load Configuration; = 0 
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Figure 9, Roll Mode, Vehicle/Slung-Load Configuration; V_ = 0 
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In addition to the five basic vehicle inodes (12 eigenvalues), there 
are an additional six modes of resp^^nse associated with the slung-load 
system in isolation: 

1) Yaw vibration (ty^> 

2) Longitudinal pendulum (Cion> ^lon) 

3) Lateral pendulum (Clat* ^lat^ 

4) Pitch vibration (Cp^j ^ 7 ^ 

5) Roll vibration 

6) Heave vibration (Chy> 

The lowest frequency mode (Cy^> associated with the yawing 

motion of the payload about an axis colinear with the cable* Since the 
yaw inertia and cable angular spring constants are both very low, this 
motion is undamped with a very low natural frequency ay = 
0*0132 rad/ sec) and does not induce any motions of the hull* The yaw 
vibration mode can be ignored for the present payload/cable configura- 
tion* 

The next two lowest frequency modes are associated with the longi- 
tudinal (^ion> ^lon) lateral (?iar.j ^lat^ payload pendulum 

modes. The eigenvector diagram for the pitch pendulum mode (o)Xqq) is 
shown in Fig* 10* The motions of the payload and the hull are roughly 
90 degrees out-of-phase and the instantaneous-center-of-unforced pitch 
motion is located just below the cable attach point on the hull. The 
payload lateral pendulum mode, coj^at directly analogous to the longi- 
tudinal pendulum mode, with the instantaneous center of rotation at 
approximately the same location* The modal frequencies (o)ion> ^at) 
are governed by the length of the cable (it = 250 ft) and the distance 
from the cable attach point to the payload c.g* = 12*6 ft), 

wion “ <^lat = ^ 0.350 rad/sec (10) 

which shows that payload pendulum frequencies are very close to the 
vehicle pitch and roll oscillation frequencies. Since the payload 
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Figure 10, Pitch Pendulum Mode; V = 0 
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pendulum motion is poorly damped in hover (Cion ® ^lat ® 0), it will be 
excited by gust and control inputs to the vehicle^ causing . positioning 
problems typical in helicopter operations (Refs# 6, 8)# 

The next two frequency modes Wj-^) are associated with the 
angular vibratory motion of the payload about the cable attach point, 
due to its offset from the payload center of gravity# These modes are 
marginally stable with roughly equal natural frequencies of 1#7 rad/sec# 
Their characteristics are governed by the mass of the payload, the 
spring constant of the cable and the distance between the payload 
center-of-gravity and the cable attach point on the hull (Jt+zj^)# The 
motions of the vehicle and payload are 180 deg out of phase# In both 
modes the induced hull linear motion is about 25 percent of the payload 
linear motion and the large frequency separation between the two systems 
precludes stationkeeping-related implications# However, the poor damp- 
ing characteristics of these modes will result in large payload oscilla- 
tions, hampering load positioning tasks. 

The highest frequency mode (^hy “ 0.787, - 11.45 rad/sec) is 
associated with the vibratory heave motion of the payload cable. This 
mode is heavily damped due to the assumed cable characteristics. As 
before, the motion of the payload and hull are 180 degree out-of-phase. 
The magnitude ratio is inversely proportional to the ratio of payload 
mass to effective vehicle mass for z-axis motions. 


I'^h 


c.g. 


:wjx 

Pc.g. 


= 10.22*^:11 




Payload Mass 
Effective Vehicle 
Mass for z-axis 
Motions 


0.221 


The relatively high frequency, out-of-phase, vibrating modes 
«ry > » although not important for low frequency stationkeeping 

tasks, may excite vehicle modes associated with the structural dynamics 
of the interconnecting frame and control system. Also, rotor excitation 
including higher order dynamics not modeled in the present simulation 
could be significant at these frequencies (^Votor * ^*5why)* 
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B. EFFECT OF AXIAL SPEED ON DYNAMICS CHARACTERISTICS 


As the forward flight speed of the vehicle is Increased, the rotors 
become more effective and their contribution to the vehicle damping 
Increases. This results in increased frequency (reduced time constants) 
of the surge, (1/1^) heave, (1/T^) and sway (1/Tsy2) modes as shown in 
Fig. 11 for the nominal configuration. Note that the »way and heave 
modes are roughly at the same frequency, since the vehicle drag and 
effective mass characteristics which dominate the higher speed proper- 
ties are nearly equal in the lateral and vertical directions. 

The yaw mode is governed by the unstable yawing moment characteris- 
tics of the hull/tall assembly which become Increasingly Important as 
their contribution grows with the square of the forward flight speed. 
Since there is no metacentric stability in yaw, the yaw mode (1/Tgy^) 
becomes unstable for all forward <’and rearward speeds) as shown in 
Fig. 12. Uncorrected disturbances of this mode will cause the vehicle 
to increase its sideslip angle until the stable orientation of 3 = 
78.8 deg is reached (Fig. 6). For the unloaded vehicle cruise speed of 
50 kts, the time-to-double amplitude is 2 sec, suggesting a highly 
unstable configuration. Also shown on the figure are the results for 
the vehicle/slung payload configuration, from which we notice very 
little change in the characteristics of this mode with rotor loading. 
This result is expected since the sideslip characteristics at high for- 
ward flight speeds are almost entirely dominated by the hull and tall 
aerodynamics. 

The dynamics of the vehicle pitch oscillation mode in forward flight 
may be approximated by a 2 DOF model Involving pitch and heave motions. 
Expansion of the 2 DOF characteristic equation yields the following 
requirement for the pitch oscillation mode to be dynamically stable 

-Mq + MqZ„ - > 0 (11) 

The first term in Cq. 11, the metacentric stability, is Independent of 
flight speed. The second term, which is a product of the pitch and 













heave damping, increases with speed due to the improving effectiveness 
of the rotors as damping devices* The third term is the aerodynamic 
instability contribution which grows rapidly with increasing speed. For 
high forward speeds, this term overcomes the stabilizing influence of 
the first two terms ultimately destabilizing the vehicle pitch mode. 

The migration of the pitch oscillation roots with increasing flight 
speed is shown in Fig. 13. As previously noted, when the roots have 
positive real parts (left half of s-plane) the pitch oscillations are 
stable and die out with time. However, when the roots are in the right 
half plane with associated real parts having positive values, the oscil- 
lations are unstable and grow with time. The stability /instability 
boundary is the imaginary (jai) axis. The roots of the unloaded nominal 
vehicle cross this boundary when the airspeed is equal to 35 kts. The 
corresponding results for vehicle/slung-payload configuration show the 
onset of instability to occur at roughly the same airspeed. 

In the nominal cruise configuration (50 kts, unloaded), the time-to- 
double amplitude is 8.7 sec. For the loaded configuration, the time-to- 
double amplitude in the cruise condition (40 kts) is 17.3 sec. As 
before, these results indicate that the unloaded configuration remains 
the critical case for piloted handling qualities. As will be shown 
later, manual control of attitude and translation loops will allow the 
pilot to stabilize these otherwise unstable modes at the expense of 
degraded pilot opinion of the vehicle's handling qualities. However, 
the location of the roots indicate the severe instability of the vehicle 
in unattended operation. 

The stabilization of the payload longitudinal pendulum oscillation 
mode (co^on) with increasing airspeed is also shown in Fig. 13. This is 
due to the increase in the payload drag damping, 

^Up * ( P^p^Dp^^trim ( 12) 

The payload lateral pendulum oscillation mode (tJJ3at) affected by 
axial airspeed (v^rim “ 0)> so payload lateral oscillations will persist 
at cruise flight conditions 
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C. EFFECT OF SIDESLIP ON DYNAMICS CHARACTERISTICS 


Since it is unlikely that the vehicle will always operate in a zero 
or 90 deg sideslip condition, the effect of varying sideslip on the 
vehicle dynamics was investigated. The flight condition for this study 
was hover with a i3 kt wind of varying sideslip angle. This condition 
is typical of the expected operating environment of the Helistat, 

Increased sideslip has a favorable effect on all the modes of vehi- 
cle response, with the exception of the roll oscillation mode. The 
migration of the roll oscillation roots with varying sideslip angle is 
shown in Fig* 14. While for most angles of sideslip the roll mode is 
not significantly effected, there is a strong sensitivity of the results 
in the 60-120 deg sideslip range. 

The source of this sensitivity is in the relative loading of the 
rotors. For most angles of sideslip, all of the rotors maintain at sig- 
nificant levels of positive or negative rotor thrust. However, in the 
nominal case the upwind rotors (2 and 4) show a significant reduction in 
thrust levels for the 60^-120^ sideslip cases due to the specific asso- 
ciated roll angle requirements. This symmetric reduction in the rotor 
thrust levels on the upwind side greatly reduces the roll damping of the 
vehicle. 

In the 45 deg sideslip case* the roll damping derivative is Lp »= 
-0.279 and the roll oscillation damping ratio is = 0*27. However, 
when the sideslip angle is increased to 60 deg, the very low thrust 
levels of the upwind rotors causes an associated reduction in roll damp- 
ing, Lp =» -J.096, yielding a roll oscillation damping ratio of Cp * 
C*ni3. When the sideslip angle is increased to 90 deg the upwind rotors 
have significant negative thrust due to Inflow of the ambient wind 
through the top of the rotor (even for small positive values of collec- 
tive pitch) and the roll damping reaches a maximum stable value, Lp ■ 
-0.351 yielding a damping ratio of « 0.383. At a 120 deg sideslip 
angle, the upwind rotors are again unloaded, resulting in reduced roll 
damping, Lp » -0.100 and associated damping ratio, = 0*034. Similar 
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sideslip sensitivities were found to occur for both the minimum weight 
and maximum weight vehicles with slight changes in the critical sideslip 
angles. Strong sideslip sensitivities were not apparent in the case of 
the vehicle with the slung payload because high rotor thrust levels and 
associated small trim roll angles resulted in more balanced rotor load- 
ing conditions. 

These results show that significant reductions in the roll damping 
of the vehicle result when the rotors are unloaded. As discussed in the 
next section, the analogous effect on pitch oscillation dynamics results 
from an aft shift in the vehicle c.g. location causing the forward 
rotors to become unloaded. The combination of degraded roll dynamics 
and reduced control margins (Fig. 6) makes the large sideslip angle 
regime a critical flight-regime for the unloaded vehicle. It is clear 
that such conditions should be avoided if possible. 

D. FOOR-FINNED OONFIGURATION 

Analysis of the vehicle dynamics and handling qualities for a 
4-finned configuration assumed that adjustments in the ballast and 
ballonets would be made to maintain constant mass and center of gravity 
characteristics. The aerodynamic force and moment contributions of the 
extra surfaces are greater than those which would be obtained by simply 
doubling the coefficients of the first two fins (Ref. 9, 10). 

The major effect of adding the two additional fins is an improvement 
1,1 the pitch and yaw stability of the vehicle. Figure 15 shows the 
variation of the unstable yaw mode (l/Tgy^ with increasing flight speed 
for the 4-finned configuration. Significant improvement in the dynamic 
characteristics are achieved over the entire speed range (compare 
Fig. 15 vs. Fig. 12). At the cruise speed of 50 kts, the time to double 
amplitude is increased from 2 sec to 7 sec. Similar improvements are 
shown in Fig. 15 for the vehicle/slung-load configuration. Once again 
the loading effects become less significant at higher flight speeds. 

The reduction in the aerodynamic instability term, (M^Z^) of Eq. 11, 
causes a delay in the onset of pitch instability as shown in Fig. 16. 
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Figure 15. Effect of Axial Airspeed on Yaw 
Instability, 1/Tgyj, 4 -FINS 
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Figure 16. Migration of the Pitch Oscillation Mode (uJp) with 

Axial Airspeed, A -FINS 
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For the cruise speed of 50 kts, the 4-finned configuration is neutrally 
stable. Similar improvements are shovm for the vehicle/slung payload 
configuration which exhibits a stable pitch oscillation mode for the 
cruise speed of 40 kts (time-to-half amplitude » 17 sec). These lightly 
damped (and marginally unstable) dynamic characteristics of the 4-finned 
configuration are typical of operational blimps, which tend to "wander” 
around the nominal course. A 3-finned, inverted-Y configuration with 
higher aspect ratio surfaces would further improve the cruise stability 
characteristics beyond those of the original 4-finned airship (ZPG-2). 

The 4-fin configuration analysis discussed above was repeated with 
an adjustment in the mass and c.g. characteristics to account for the 
additional weight of the two extra fin surfaces if the ballast and bal- 
lonets are not retrimmed. The new hull c.g. is located 4.7 ft aft of 
the nominal position, resulting in a large nose-down pitch control 
adjustment to maintain vehicle trim in cruise. Une^^en thrust levels on 
the fore and aft rotors caused major changes in the stability deriva- 
tives of Eq. 11 for the 50 kt cruise condition. Compared to the 
4-finned configuration with nominal mass and c.g. characteristics, the 
aft c.g. configuration exhibits a 44 percent reduction in the pitch 
stability term, and a 47 percent increase in the pitch instability 
term The resulting aft c.g. pitch mode is (^p, = (-0.540, 
0.16) compared to (?p, cOp) - (-0.022, 0.162) for the nominal c.g., with 
associated times-to-double amplitudes of 8.039 sec and 198.0 sec, 
respectively. Therefore, any changes in the tail configuration need to 
be balanced by associated retrim of the ballonets and/or ballasting of 
the vehicle in order to maintain the nominal c.g. location. 

The strong sensitivity of the pitch (and roll) characteristics of 
the vehicle with rotor loading suggests the need for c.g. travel guide- 
lines for the operational vehicle. Some alleviation of the sensitivity 
to c.g. location could be obtained by increasing the usage of the aero- 
dynamic tail surfaces in order to relieve uneven rotor thrust levels 
required for pitch and roll trim control. However, c.g. restrictions 
for hover would still be necessary. 
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A FOOTNOTE ON THE COMPARISON OF HBLISTAT DYNAMICS 
WITH VSTOL HANDLING QUALITY SPECIFICATIONS 


Any attempt to specify desired handling qualities for the Helistat 
must be coached in terms of the operational requirements and objectives 
of the vehicle. For example, while the Helistat must achieve and main- 
tain precision stationkeeping, it would be unreasonable to expect per- 
formance to equal that of a standard helicopter. Conversely, the 
dynamics specifications of typical hovering VSTOL^s need to be fairly 
severe «ince such vehicles can become control limited very rapidly, with 
resulting loss of lift and catastrophic consequences. The Helistat on 
the other hand, with its near neutral buoyancy condition, need not be as 
severely restricted since the buoyancy of the vehicle provides a sig- 
nificant percentage of the vertical equilibrium condition. As such, 
concerns over spiral instability and catastrophic loss of control is not 
as significant for the Helistat in the hovering environment. 

Handling qualities specifications for the Helistat in cruise have 
analogous implications. Unlike military aircraft, there is no require- 
ment for LTA vehicles to maintain precision flight path control in 
cruise; so, it is common for operational blimps to “wander** around the 
nominal course. This is a design tradeoff between lateral stability for 
adequate cruise handling qualities and the weight penalty associated 
with increased tail area. 

In summary, while it is useful to make comparisons between the 
dynamics of Helistat and other VSTOL aircraft it is not possible to draw 
specific conclusions on the handling qualities of the vehicle until a 
more complete analysis of the manual control problem is completed. This 
will be the primary subject of the remaining analysis effort. 
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SECTION VI 




NONLINEAR RESPONSE TO CONTROL 


\ 


The nonlinear response of the nominal configuration to a lateral 
stick input was calculated to illustrate the roll-to-translate control 
characteristics and to compare nonlinear time histories with the pre- 
vious linearized results. The unloaded vehicle was trimmed in the hover 
flight condition and subjected to a lateral control input of 0.1 rad, 
the maximum input before surface limiting occurs. So, the steady state 
condition corresponds to the maximum unloaded crosswind results cf 
Fig. 5. 

Figure 17 shows that the nonlinear roll angle response is dominated 
by the damped second-order roll oscillation mode with the time-to- 
maximum amplitude well approximated by the linear solution. 


^max 





(13) 


The steady-state roll angle is about 40 degrees, as expected from 

Fig, 5. The maximum overshoot ( 4*max/ ^steady state * 2.06) is 30 percent 
larger than the linear solution. 


4>raax 

♦steady state 


1 + e 


-TT^r 






1.59 


(lA) 


due to nonlinearities in the vehicle kinematics and dynamics. The yaw 

angle response (ip) is slow and first order due to the long dominant 

time constants, Tevt and To^o* Tbe maximum total lateral accelera- 
»yi 

tion (/a^ + a|) is 0.13 g's, with a steady-state lateral velocity of 
about 15 kts. This steady-state velocity is consistent with the 

40 degree steady-state roll angle shown in Fig. 5. These results show 
the utility of the linearized models, but suggest the existence of 
important nonlinearities during gross maneuvers. As discussed earlier, 
the structural and handling quality implications associated with these 
large (rigid body) roll angle transients (♦tnax ” 82.4 deg) will be very 
Important in the operational environment. 
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SECTION VII 


LANDING CHARACTERISTICS 


The landing gear and support structure on the Helistat is designed 
to withstand impact loads resulting from vertical landing velocities of 
5 ft/sec with the contact on a single wheel (Ref* 11)* In addition^ the 
pilot is assumed to reduce the trim thrust level 33 percent at the time 
of ground impact to avoid rebounding after the first compression cycle. 
To simulate this condition, the vehicle is trimmed for a 5 ft /sec 
descent rate at an attitude of 5 deg nose up and 5 deg right roll. This 
insures that the rear right landing gear (No. 4) will absorb all of the 
initial landing impact. When the wheel just touches the ground, the 
rotor thrust levels are reduced by 36 percent, as shown in Fig. 18. 

The initial compression of landing gear 4 is 86.9 percent of its 
available travel with a remaining extension of 0.272 ft. The maximum 
landing gear load of 24,444 lb compression is developed 0.5 sec after 
impact. This asymmetrical load causes the vehicle to pitch down and 
roll left, resulting in ground contact of landing gear 3 (rear left 
landing gear). Due to the reduced kinetic energy of the system follow- 
ing the initial impact, landing gear 3 compresses 70 percent of the 
available travel with a maximum force of 20,600 lbs. The vehicle con- 
tinues to pitch and roll with decreasing amplitude, nearing a steady 
state condition after 10 sec following initial impact. 

These results show that the landing gear configuration meets current 
design specifications for a 5,000 ft base altitude. However, additional 
travel and/or spring stiffness may be desired to increase the safety 
margin for this weight condition. Since the maximum landing weight for 
sea level based operations is only 2.7 percent higher than the current 
(5,000 ft based) level, altitude effects on these results will not be 
significant. 






SECTION VIII 


MOORING CHARACTERISTICS 


The mooring response of the vehicle was calculated for ambient wind 
conditions of IS kts and 60 kts* The standard mooring weight of 
78^243 lb was used, which is based on ballonet settings for 1000 ft 
pressure altitude (ACL) operations, 10 percent fuel and no payload* 
This yields a buoyancy ratio of 0*82 for the base operations site of 
5000 ft above sea level 

The non-linear mooring simulation assumes that the vehicle is 
attached to the mooring mast by a free nose gimbal which allows 
3 degrees-of-angular freedom and no linear freedom* For the present 
four landing gear configuration the moored vehicle exhibits four basic 
modes of motion* The lowest frequency mode is a first order 1 DOF yaw- 
ing motion (1/Ty). The modal frequency is determined by the inertial 
characteristics of the vehicle, the wind speed, and the tail configura- 
tion. For the 15 kt case^. 1/Ty = 0*0767 rad/sec, increasing to l/T^ = 
0*1710 rad/sec for the 60 kt case. 

The next highest frequency mode involves significant yawing 

and rolling motions of the hull, alternately compressing the left and 
right landing gears* This mode also depends on the inertial and geo- 
metric characteristics of the vehicle and wind speed; and on addition- 
ally important parameters of the landing gear^s spring stiffness and 
damping* The damping ratio and frequency are - 0*540 and = 

1.189 rad/sec for the 15 kt condition, increasing to » 0*824 and 
o)y^ * 3*002 rad/sec for the 60 kt condition* The next m^de is asso- 
ciated with the oscillatory pitching motion of the vehicle about the 
mast and is dominated by the vehicle mass properties and landing gear 
characteristics. This mode is unaffected by the ambient wind speed, 
having a constant damping ratio and natural frequency of = 0*47 and 
u)p^ * 2*7 rad/sec, respectively* 
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In the 15 kt case, the highest frequency mode, 1/T , is associated 
with the 1 DOF rolling motion of the vehicle about the mooring point* 
The time constant is controlled by the inertial characteristics of the 
vehicle, the landing gear spring characteristics, and the ambient wind 
speed. When the wind speed is increased to 60 kts the predominant 
motion variable is yawing velocity with a major component of rolling 
velocity still present. The modal frequency of the 60 kt case is 
1/Tj^^ * 4.117 rad/sec compared to * 9.522 rad/sec for the 15 kt 
case* The changes in the dynamic characteristics of this mode are due 
to the increased aerodynamic damping of the hull at the high wind 
speeds. 

The time history response of the moored vehicle to a (1 - cosine) 
lateral gust is shown in Fig. 19. The maximum amplitude of the distur- 
bance is 27 ft/sec, or 27 percent of the mean wind. This can be con- 
sidered as a 2o gust with a la value of 13.5 percent of the mean wind, a 
typical level for moderate turbulence conditions (Ref. 12). As shown in 
Fig. 19, the lateral gust causes the vehicle to initially roll to the 
left and then to the right with a maximum amplitude of 1.7 deg. The 
maximum yaw angle of 4.4 deg occurs at 3.75 sec elapsed time. It is 
interesting to note that the vehicle does not return to the zero side- 
slip angle bat is rather approaching a second more stable yaw angle at a 
slight offset to the zero sideslip condition. During the transient, the 
vehicle sustains a maximum lateral nose cone force of 20,500 lbs and a 
maximum axial load of 22,682 lbs. The existing operational limits are 
based on quasi-steady calculations (Ref. 13) which do not properly 
account for the large gust acceleration and gust gradient effects 
(Ref. 1). These limits need to be re-evaluated to reflect the present 
results* 

The preceding analysis was repeated for the 4-fin configuration. 
The additional weathercock stability reduced the maximum yaw angle dis- 
placement to 4.05 deg, with negligible changes in the other motion vari- 
ables. Since the applied loads are dominated by the hull unsteady aero- 
dynamic ("apparent mass") contributions, the nose cone forces were not 
noticeably changed. 
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Figure 19. Continued 
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Figure 19. Concluded 
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SECTION IX 


CUNCLUSIONS 


This dynamics and control analysis of the Helistat quadrotor heavy- 
lift airship suggests: 

1) The cruise speed for the H34 rating of 1275 HP is 
40-50 kts> depending on loading condition* 

2) Maximum payload capability is 45,000 lbs for 
standard day sea level-based operations* 

3) Crosswind capaSility in hover is iO kts for the 
unloaded condition and 5-d kts for the loaded 
condition. However, the roll-to-translate con- 
trol gearing causes excessive roll angles at 
these crosswinds* 

4) Sideslip angles of 110-135 degrees are critical 
for directional trim and stability, and should be 
avoided. 

5) The small perturbation dynamics of the Helistat 
are very poorly damped, and may lead to handling 
qualities problems in hign workload environments* 

6) The dynamics of the Helistat are highly coupled 
with the sling-load, thus making precise load- 
positioning difficult* 

7) The addition of two upper fins reduces the 
degradation of pitch and yaw stability with air- 
speed. 

8 ) Mooring loads may be much higher than the design 
values; allowable operating conditions ^nd/or 
mooring and ground handling equipment shouxd be 
reconsidered to reflect these higher anticipated 
levels* 


TR-1151-3 


51 



REFERENCES 


1) Tischler, Mark B., Robert F. Rlngland, Henry R. Jex, et al., Flight 

Dynamics Analysis and Simulation of Heavy Lift Airships, Volume 
II; Technical Manual, Systems Tachnology, Inc. Technical Report 
No. 1151-2, August 1982. 

2) Ferry, Robert G. and James S. Hayden, Limited Phase IV Performance 

and Stability (H-34A), Air Force Flight Center TR46-15 (Adden- 
dum) and TR56-8 (Addendum), Sept. 1956. 

3) A Preliminary Design Study of a Hybrid Airship for Flight Research . 

NASA CR 166246, July 1981. 

4) Davis, J., T. Garnett, J. Gaul, Heavy Lift Helicopter Flight Control 

System. Vol. Ill: Automatic Flight Control System Development 

and Feasibility Demonstration, USAAMR0L-TR-77-40C, Sept. 1977. 

5) Tischler, Mark B. and Roger H. Hoh, "Handling Qualities Criteria for 

Flight Path Control of V/STOL Aircraft," AIAA Paper No. 82-1292, 
presented at AIAA 9th Atmospheric Flight Mechanics Conf., Aug. 
1982. 

6) Fries, Gordon H. and John J. Schneider, "HLH and Beyond," SAE Paper 

No. 791086, at Aerospace Meeting Hyatt House, Los Angeles, Dec. 
3-6, 1979. 

7) McRuer, Duane, Irving Ashkenas, and Dunstan Graham, Aircraft 

Dynamics and Automatic Control, Princeton University Press, 
1973. 

8) Wolkovitch, Julian, Donald E. Johnston, Automatic Control Considera- 

tions for Helicopters and VTOL Aircraft with and Without Sling 
Loads , Systems Technology, Inc. Technical Report No. 138-1, Nov. 
1955. Wezeman, Claude D, , Richard A. Peeters, Walter A. 
Johnson, and Richard P. Walton, appendices, Nov. 1965. 

9) Hoerner, Sighard F., and H. V. Borst, Fluid-Dynamic Lift , Hoerner 

Fluids Dynamics, 1975. 

10) Schlichting, Hermann, and Erich Truckenbrodc, Aerodynamics of the 

Airplane, McGraw-Hill International Book Company, New York, 
1979. 

11) Soergl, D. G., and K. R. Meenen, Piasecki Aircraft Company Progress 

Report PIAC 97-X-200-14 for the Period 1 March to 1 April 1981. 

12) Frost, Walter, and Robert E. Turner, "Summary of Atmospheric Wind 

Design Criteria for Wind Energy Conversion System Development," 
NASA Technical Paper 1389, Jan. 1979. 

13) Soergl, D. G., and K. R. Meenen, Piasecki Aircraft Company Progress 

Report PIAC 97-X-200->2 for the Period 1 January to 1 February 
1981. 



HELISTAT SIMULATIOM INPOT DATA 


* APPENDIX A. 


The Input data is -partitioned according to groups of general 
vehicle characteristics as follows: 

A. Geometry 

3* Vehicle mass characteristics 

C. Vehicle aerodynamics 

D. Payload mass characteristics 
E* Payload aerodynamics 


A. GEOMETRY 

The major assumptions which were adopted in the development of the 
Helistat geometry data base are as follows: 

\e hull was modeled as an ellipsoid of revolution (i*e*, circular 
cross section) with the following characteristics 

Length = 339.37 ft 

Diameter = 75.42 ft 

Volume = 975,000 fc^ 


2. The tail configuration consists of two fins in a ”V** configuration 
located on the lower side of the hull envelope* 

3* The effective attachment points of the interconnecting structure 
(ICS) to the helicopters are located at the intersection of the 
central line of the ICS (nominal elastic axis) and the helicopter 
fuselage. This assumption -allows the tabulation of internal loads 
between the structure and the helicopter and allows an evaluation 
of the applied loads at the tips of the interconnecting struc- 
ture. When these results are taken along with the load to the 
hull center of volume, it will be possible to assess the shear and 
bending distributions along the span of the interconnecting struc- 
ture. Based on this attach-point assumption, the mass and 
inertial characteristics of the Interconnecting structure are then 
lumped into Chose of the hull in order to generate an effective 
hull with appropriate total mass and center of gravity (c.g.) 
characteristics. 

4. The landing gear configuration consists of three oleo struts in 
parallel. The three oleos have total spring and damping constants 
of 12,000 Ib/ft and 3000 Ib-sec/ft, respectively. This yields a 
static deflection of 5.5 inches at the maximum heaviness mooring 
condition (buoyance ratio equal to 0.66), corresponding to 
22 percent of the total oleo/ttre travel. 



B« Vehicle Mass Giaracteristlcs 


The following four vehicle configurations are typical of those that raay be 
expected during Hellstat logging operations In the Pacific Northwest; 

1. Standard operations at a pressure height (celling) of 1,000 ft 
above ground level (AGL) (6,000 ft total altltude)-*ballonets are 
fully deflated; 50 percent of the maximum fuel supply; crew of 
five. 

a. Vehicle only 

b. Vehicle plus 30,0C0 lb (nominal) payload~thls assumed 
payload weight Is approximately 90 percent of the maximum 
payload capability In hover at 6,000 ft total altitude. 

The standard operational configuration, with and 
without a payload, was selected to represent the 
Hellstat operating In typical cruise and hover en- 
vironments for logging conditions in the • Pacific 

Northwest. The major thrust of the present analysis 
will be an evaluation of this configuration o^'er a 
range of vehicle speeds and atmospheric conditions. 

2. Minimum flying weight at ground level (5,000 ft total altitude) — 
ba lionets set for operations to 1 ,000 AGL pressure height; 
10 percent of maximum fuel capability; crew of five; no payload. 

The minimum flying weight configuration was selected to be 
representative of vehicle landing operations. In this config- 
uration the fuel level is minimum, resulting in a light 
vehicle with a relatively high vertical c.g. location. This 
configuration may be critical for vehicle-alone flying quali- 
ties. 

3. Standard mooring weight at ground level (5,000 ft total 
altitude) — ballonets set for operation to 1,000 AGL pressure 
height; 10 percent of maximum fuel capability; no crew. 

This represents a typical configuration for on-slte mooring 
and will be used to study the problems of moored-vehlcle 
motions and loads in response to discrete gust encounters. 

4. Maximum heaviness configuration at ground level (5,000 total 
altitude) — ballonets set for operations to 9,000 ft AGL pressure 
height; maximum fuel capability; crew of five. 

Tills Is a typical ferry configuration for 14,000 ft total 
pressure height. This configuration represents the maximum 
anticipated landing weight and will therefore be used to an- 
alyze the landing gear oleos. 


Summarizing;, Configurations l.i and lb will be analyzed for basic piloting 
performance and control characteristics. Configuration 2 will be used to 
investigate the importance of buoyancy ratio and vertical c.g. effects. 
Configurations 3 and 4 will be used for mooring and landing analyses. 

The maximum fuel capability is assumed to be 310 gallons per helicopter 
which is typical of the H-34 equipped with full standard and auxiliary fuel 
tanks. The fuel tanks are assumed to be located on the helicopter center of 
gravity. Therefore small shifts in the helicopter c.g. characteristics due to 
fuel state changes among the flight conditions are Ignored. Each helicopter 
is considered to hold 12.4 gallons of oil also located at the respective 
helicopter c.g. 


The helicopter moments of inertia were obtained from data on the standard 
S-53 helicopter (Ref. 1). These basic inertias were not adjusted for modifi- 
cations t:> the H-34's, because they represent very small percentages of the 
total vehicle's moments of inertia. 

The moment of inertia characteristics of the Interconnecting structure are 
estimated from a simple X-beam member model. 


C# Vehicle Aerodynamics 

1. The aerodynamics of the interconnecting structure were estimated from 
wind tunnel data of truss structures (e.g., electric transmission 
towers, radio towers, and suspension bridges) given in Ref. 2. These 
estimates require a knowledge of the effective solidity ratio of the 
structure (projected solid area divided by projected frontal areas). 
A conservative estimate of this ratio is 0.2, resulting in a drag 
coefficient based on the projected frontal area of 0.35 Using these 
values, the Interconnecting structure has a . total drag area (f^) of 
1,575 sq ft. Reference 3 gives a drag area of 65^ sq. ft for the 
entire cruise configuration (hull, tall, helicopters, and ICS) • This 
Implies an ICS drag area significantly lower than the value cited 
herein. Based, on the present estimate, the drag of the intercon- 
necting structure accounts for 80 percent of the total vehicle drag in 
cruise and will therefore be particularly important for performance 
calculations. Perhaps some means of reducing the effective drag area 
In cruise (e.g., by aerodynamic fairings or other drag reduction 
means) should be considered to Improve the performance of the opera- 
tional configuration. 

2. The reference center for hull aerodynamics is located at the hull 
center of volume, which is significantly above the aerodynamic center 
of the Interconnecting structure. Since the drag of the interconnect- 
ing structure represents such a significant percentage of the total 
drag of the vehicle, the accurate modeling of its contributing moments 
Is important for trim analyses. In order to accurately account for 
the location of the aerodynamic center of the ICS, the aerodynamic 
parameters of the helicopter fuselages were appropriately adjusted. 
The resulting effective vehicle has the same total drag coefficients 
along all three axes with an accurate description of the actual drag 
moments and the dynamic damping. 
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3» Some variability exists In the literature on the accurate calculation 
of tall surface forces and control effectiveness* The methods given 
In Refs. 4 and S produce good correlation with the available wind 
tunnel data. 


4. The aerodynamic Interference effects were estimated from empirical 
curves given In the forthcoming technical manual for the HLA Simula* 
tlon (Ref. 6). These models are based heavily on wind tunnel data and 
analytical results publ shed by Nielsen Engineering and Research. The 
similarity of the Hellstat to the configurations from which the models 
were developed lends credibility to the estimated Input data. 


D. Payload Mass Characteristics 

1. The payload configuration Is assumed to consist of constant density, 

lumber with a specific weight of 54 Ib/ft^ (obtained from the Forestry 

Service). For an assumed nominal weight of 30,000 lb, this yields the 
following nominal payload configuration: four logs each with a length 

of 42 ft, diameter of 2.05 ft, volume of 138.8 ft^,-mass of 

231.1 slugs. The four logs are bound together In a square cross* 
section configuration with an end area of 16 sq ft and a length of 
42 ft. 

2. The choker cable Is connected at a location of 20 percent of the 

length (8.4 ft aft of one end). 

3. The effective spring constant of the payload cable damper Is based on 
the shock absorber characteristics for standard cranes. For a stan* 
dard crane payload weight of 50,000 lb, a suitable stiffness constant 
Is 1x10^ lb*ft. Tlie resulting natural frequency for the 30,000*lb HLA 
payload is about 10.4 rad/sec with an assumed damping ratio of about 
0.7. 


E. Payload Aerodynamics 

The payload aerodynamics were calculated based on a streamline body ^f 
high fineness ratio (length/dlaraeter « 10.5). The "'rag coefficients 
were obtained from Ref. 2 for a streamline body with considerable 
surface roughness. This simplified model Is sufficiently accurate, 
since the forces associated with payload aerodynamics are very small 
In comparison with those associated with the payload Inertial and 
cable characteristics. 
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Detailed Information on the Hellstat flight control system laws Is very 
limited. Reference 7 presents an overview of the control system mixing laws 
along with a chart of maximum rotor and propeller forces resulting from full 


cockpit lever movements* Based on this information, a model of the Hellstat 
control system was developed* ^ 

Flares show a schematic drawing of the Hellstat control system based 
on the discussion in Ref* 7* The significant features are: 


Forward velocity commands- ) and yaw rate commands both 

Induce forward commands to the helicopter propulsive command 
(BISC), resulting In rotor longitudinal cyclic (BIS^) and pro- 
peller collective ) deflections. The propeller collective 
Is a function of longitudinal command (BISC) and rotor 


(«o ) 
col 


?ectlve 


(0 ) for each helicopter* In this way, the rotor/ 


propeller mixing Is a function of each Isolated helicopter. 


b. Deflection o^ the master pilot's longitudinal control stick 
causes an increase in rotor collective on the rear two helicc cers 
and a decrease in rotor collective on the front two helicopters 
for an aft stick movement* In addition the longitudinal stick 
causes a deflection of the elevator tall surface (^^)* 

c. Deflection of the master pilot's lateral control stick causes 

an Increase In rotor collective on the left two helicopters and n 
decrease In rotor collective on the right two helicopters. Also 
resulting from Che lateral stick moment Is a deflection of Che 
rotor lateral cyclic (A1S|^) of all four helicopters as a function 
of individual rotor collective. This coupled control of rolling 
moments and side forces c uses a "roll-to-translate" command 
logic. The Information In Ref. 7 suggests that deflection of Che 
lateral stick Co Its full travel produces full rolling moment 
authority In addition to lateral cyclic authority dependent on 
local rotor collective. 

The roll-to-translate control logic may severely restrict the 
crosswlnd hover capability. As a result th> Hellstat's large 
metacentrlc height, very large roll control moments are necessa'y 
In order to maintain roll angles required In crosswlnd station- 
keeping. The lack of negative rotor collective travel severely 
restricts Che obtainable rolling moment In lightly loaded con- 
figurations and thereby severely restricts Che crosswlnd hover 
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capability of the vehicle. Uhlle It would be desirable to Intro- 
duce some roll moment control through the lateral stick In order 
to reduce roll coupling associated with lateral translation com- 
mand, the present use *of full roll control authority does not 
appear to represent an optimum solution when only five cockpit 
controls are available. 

An alternate solution would be to decouple the roll ^nd side 
force contrors by using a lateral translation button to control 
lateral cyclic in the same way that the forward translation button 
Is used to control longitudinal cyclic. Then lateral stick move- 
ment could be retained to control -full authority roll moment Which 
would then be available to help augment the lateral hover capabil- 
ity once the full cyclic travel used. 
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Figure c, Holistat Control System— Rotor Longitudinal Cyclic/Propeller Collective Mixing 
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